Objective: Monitoring the changes in buccal tissue oxygen saturation (StO 2 ) may aid in early diagnosis of circulatory compromise. Our objective was to define the normal value of buccal StO 2 and its correlation to the middle cerebral artery (MCA) flow indices and cardiac output in healthy term infants during the first 48 h after birth.
Introduction
Clinical diagnosis of early circulatory compromise is difficult in newborns, especially during the early postnatal period. 1 In clinical practice, blood pressure and heart rate are the only cardiovascular parameters that can continuously be monitored. Given the limitation of these parameters in ensuring adequacy of circulatory function and organ perfusion, the need for an objective tool to detect early cardiovascular compromise is evident.
T-Stat (Spectros, Portola Valley, CA, USA) is a non-invasive tissue oxygenation monitor. It uses visible light to measure oxy-and deoxyhemoglobin, and it estimates the tissue oxygen saturation (StO 2 ) at a shallow depth. StO 2 is different than oxygen saturation (SaO 2 ) measured by pulse oximetery. SaO 2 is the oxygen saturation of the hemoglobin in the arteries. In contrast, the StO 2 measured by T-Stat represents the oxygen saturation of the hemoglobin contained primarily in the capillaries. As hemoglobin strongly absorbs visible light, only a small fraction of light photons is scattered back to T-Stat for analysis. As arteries and veins carry a large amount of hemoglobin, almost the entire light entering these structures is absorbed. On the other hand light passing through small capillaries is more likely to scatter and be picked up by the sensor. T-Stat has been validated in animal and adult human subjects, and has been shown to be able to detect hypoperfusion states. [2] [3] [4] [5] There is only one report of a case series on buccal StO 2 using the T-Stat mouth sensor. 6 The normal value for buccal StO 2 in neonates has not been established. In this study, we sought to define the normal buccal StO 2 as measured by visible light spectroscopy in healthy term neonates during the early postnatal period. Furthermore, as tissue oxygen saturation depends on arterial oxygen content and blood flow, we were interested to find out whether the normal variability in cardiac output (i.e., systemic blood flow) would have any correlation with the StO 2 .
Methods
This was a prospective observational study. The institutional review board at the University of Oklahoma Health Sciences Center approved the study. Parental informed consent was obtained. The aims of the study were to define the normal value of buccal StO 2 and the correlation of StO 2 to the middle cerebral artery (MCA) flow indices and left ventricular output (LVO) in healthy term infants during the first 48 h after birth.
We enrolled healthy term neonates in the first postnatal day. We excluded babies with conditions that could affect cardiac function. Exclusion criteria were (1) known congenital heart defects other than a patent ductus arteriosus (PDA) or patent foramen ovale, (2) low Apgar scores (<7 at 5 min), (3) infant of a diabetic mother and (4) major congenital anomalies. Each subject underwent the following hemodynamic assessments on the first and second day of postnatal life: Tissue saturation was monitored for 5 to 10 min or longer until a stable saturation was obtained. Once the infant was calm, and a stable StO 2 was being displayed on the monitor for at least 1 min, the lowest and highest StO 2 values were recorded. The average of the two values is taken as the buccal StO 2 data point for each study. SaO 2 was measured by placing the pulse oximeter sensor around the right hand. The LVO and MCA flow indices were measured by using a SONOS 7500 echocardiography machine (Philips, Andover, MA, USA) equipped with 8-and 12-MHz transducers just before measuring StO 2 . All echocardiograms were performed and analyzed by one of the authors (SN), trained and certified in pediatric echocardiography. The ultrasound and Doppler measurements were carried out off-line weeks after enrolling all the subjects, and SN was blinded to the StO 2 results.
LVO was calculated using the aortic diameter (D) and velocity time integral (VTI) measured at the aortic valve annulus from parasternal long-axis and apical views, respectively. 7 The machine's built-in software uses the formula '(pD 2 /4) Â VTI Â heart rate' to calculate the flow. Dividing the calculated flow by the infant's weight provides LVO in ml kg À1 per min. We also assessed the status of the ductus arteriosus. 8 As in preterm infants, a PDA <1.5 mm is considered hemodynamically insignificant, in our population of term infants, we arbitrarily chose a cutoff of 2 mm to classify a ductus arteriosus as hemodynamically significant. 8 Doppler interrogation of right MCA was carried out by placing the transducer over the temple with an angle of insonation of <101. The peak systolic, end-diastolic and time-averaged mean velocities were measured. Pulsatility index (PI) was calculated using the formula: pulsatility index ¼ (peak systolic velocity À end diastolic velocity)/mean velocity. Blood pressure was measured during quiet state using an oscillometery technique.
Statistics
The continuous data are presented as median (range) except for the gestational age and birth weight, which are presented as mean ± s.d. The continuous data between the first and second day of postnatal life were compared using the Wilcoxon-matched pairs signed-rank test. Pearson correlation was used to assess the correlation of MCA flow indices and LVO to buccal StO 2 .
Results
Twenty healthy neonates were enrolled in the study. Clinical characteristics of the study population are shown in Table 1 . One baby was not available for hemodynamic assessment on day 2. The buccal StO 2 fluctuated by a few percentage points on each exam. Non-invasive measurement of local tissue perfusion S Noori et al SaO 2 was stable at 99 to 100% during the study period in each case. Mean blood pressure was 47 mm Hg (range 38 to 58) on day 1 and 48.5 mm Hg (39 to 65) on day 2 (P ¼ 0.2). There was a hemodynamically significant PDA in seven neonates on day 1 and in one neonate on day 2 (P ¼ 0.02). However, there was no difference in buccal StO 2 between those with and without a significant PDA (data not shown). There were significant differences in buccal StO 2 and LVO between the first and second day of postnatal life ( Table 2 ). The MCA mean velocity increased on the second day but did not reach statistical significance (Table 2) .
For all data points, a weak but significant positive correlation was found between buccal StO 2 and LVO (r ¼ 0.37, P ¼ 0.023, Figure 2 ). When day 1 and day 2 data were analyzed separately, although both showed a similar positive correlation, they were not statistically significant (day 1: r ¼ 0.24, P ¼ 0.3 and day 2: r ¼ 0.32, P ¼ 0.2). There was no correlation between buccal StO 2 and MCA mean velocity or pulsatility index.
Discussion
The ability to objectively assess peripheral circulation would be of great value in early diagnosis and management of circulatory compromise in neonates. However, data on normal changes in microvascular hemodynamics during neonatal period in humans are scarce. [9] [10] [11] There is only one report of a case series on buccal StO 2 in neonates in the literature. 6 Therefore, the normal buccal StO 2 has not been established.
In this study, we describe the normal buccal StO 2 in healthy term neonates. The median saturation was 68% and 66% on day 1 and day 2, respectively. The StO 2 was similar to what was described in a case report in preterm infants. 6 In another study recently published in abstract format, the mean saturation was 60.7% in hemodynamically stable neonates after the first postnatal day. 12 However, the postnatal age at exam and whether the 15 subjects in the study had any underlying disease processes were not described.
Non-vital organ StO 2 is affected by several factors including global as well as local oxygen delivery (blood flow and oxygen content) and consumption. Therefore, it could be used to help identify the early stage of cardiovascular compromise or the compensated state of shock. In this study, we investigated the relation between buccal StO 2 and systemic flow. As the brain and buccal tissues are supplied by branches of the common carotid arteries, we were also interested in the relationship between buccal StO 2 and MCA flow indices. We found that the buccal StO 2 had a weak correlation with LVO but no correlation with MCA flow indices. Under physiological state, the tissue oxygenation is maintained, as the blood flow is regulated according to the tissue metabolism and oxygen consumption. Given the normal hemodynamic status of the study subjects, the finding of weak or lack of correlation is not surprising. However, during cardiovascular compromise, the peripheral perfusion and therefore tissue oxygenation are expected to decrease and buccal StO 2 will likely have a more significant correlation with blood flow.
We observed a small reduction in StO 2 on the second day. The reason for this clinically insignificant reduction is not clear. However, it may be the result of a decrease in LVO or the expected postnatal rise in systemic vascular resistance. The decrease in LVO on the second day was most likely secondary to closure of PDA. We found a trend for an increase in MCA flow velocity on day 2. This is in agreement with previous studies showing an increase in brain blood flow in the first few days of postnatal life. Non-invasive measurement of local tissue perfusion S Noori et al There are several limitations to our study, which include the inherent limitation of echocardiography in estimating the cardiac output. We tried to minimize this by having a single echocardiographer perform and interpret the echocardiograms. Similarly, assessment of MCA flow is limited by the difficulty in accurately measuring the small diameter of the artery. We tried to alleviate this problem by assessing the flow indices which have been shown to correlate well with the actual blood flow. [16] [17] [18] In summary, we have established the normal value of buccal StO 2 and its correlation with the LVO and MCA flow indices in healthy term neonates. Because of its ease of use, ability to continuously monitor and its non-invasive nature, visible light spectroscopy has the potential to be useful in early diagnosis and management of circulatory compromise in clinical conditions such as septic shock, necrotizing enterocolitis and PDA, and therefore needs to be further investigated.
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